Recessive Charcot-Marie-Tooth disease type-4J (CMT4J) and its animal model, the pale tremor mouse (plt), are caused by mutations of the FIG4 gene encoding a PI(3,5)P 2 5 -phosphatase.We describe the 9-year clinical course of CMT4J, including asymmetric, rapidly progressive paralysis, in two siblings. Sensory symptoms were absent despite reduced numbers of sensory axons. Thus, the phenotypic presentation of CMT4J clinically resembles motor neuron disease. Time-lapse imaging of fibroblasts from CMT4J patients demonstrates impaired trafficking of intracellular organelles because of obstruction by vacuoles. Further characterization of plt mice identified axonal degeneration in motor and sensory neurons, limited segmental demyelination, lack of TUNEL staining and lack of accumulation of ubiquitinated protein in vacuoles of motor and sensory neurons. This study represents the first documentation of the natural history of CMT4J. Physical obstruction of organelle trafficking by vacuoles is a potential novel cellular mechanism of neurodegeneration.
Introduction
Phosphoinositides regulate intracellular membrane trafficking by recruiting effector proteins to the surface of specific organelles (Bolis et al., 2007; Volpicelli-Daley et al., 2007) . The levels of phosphoinositides are regulated by specific kinases and phosphatases (Di Paolo et al., 2006; VolpicelliDaley et al., 2007) . Phosphoinositide signalling is particularly important for the integrity of the nervous system. Mutations in MTMR2 and MTMR13, which dephosphorylate PI3P and PI(3,5)P 2 at the 3rd position of inositol, cause the recessive inherited neuropathies Charcot-MarieTooth type 4B1 (CMT4B1) and CMT4B2, with a distinctive pathology of excessive myelin out-folding. Mutations of FIG4/SAC3 were recently shown to cause Charcot-MarieTooth type 4J (CMT4J), as discussed below.
FIG4/SAC3 is a phosphatase that dephosphorylates PI(3,5)P 2 at the 5th position of inositol (Duex et al., 2006b; Chow et al., 2007) . FIG4 interacts with FAB1 and VAC14 in a protein complex that regulates the overall concentration of PI(3,5)P 2 (Di Paolo et al., 2006; Sbrissa et al., 2007) . Although the detailed molecular mechanism of this regulation remains to be clarified, loss of function of FIG4 reduces the levels of PI(3,5)P 2 (Duex et al., 2006a, b; Chow et al., 2007) . We recently described a mouse mutant, pale tremor (plt), with a spontaneous mutation that eliminates the expression of FIG4. Homozygous plt mice have a neuronopathy with extensive neuronal degeneration in the central and peripheral nervous systems, including loss of dorsal root ganglion (DRG) neurons and large myelinated axons in the sciatic nerve. A screen of 95 patients with CMT identified four patients with mutations in FIG4 (Chow et al., 2007) . The natural history and pathogenesis of CMT4J has not been well characterized. In this report, we provide evidence that CMT4J is a primary neuronopathy.
Patients develop rapidly progressive, asymmetric motor neuron degeneration without symptoms of sensory loss, although both sensory and motor neurons exhibit morphological abnormalities. Abnormal transport of intracellular organelles was observed by time-lapse imaging in fibroblasts from CMT4J patients. The data provide insights into the pathogenesis of CMJ4J and the pattern of disease progression in motor neuron disease (MND).
Methods

Plt mice and genotyping
The plt mutation was genotyped by PCR as previously described (Chow et al., 2007) . Eleven mice were examined at 6 weeks of age and two mice at 3 weeks of age.
Semithin section and EM
Mice were transcardially perfused with 4% paraformaldhyde and 3.5% glutaraldhyde. Sciatic nerve and dorsal/ventral roots were dissected and post-fixed for 24 h. Nerves were then osmicated for 1.5 h, dehydrated and embedded in Epon. Tissue blocks were sectioned with 1 mm thickness and stained with methylene blue for light microscopic examination. The blocks were then trimmed and sectioned into ultrathin sections for EM examination (Zeiss EM 900). The same methods were applied to patients' sural nerve.
Morphometric analysis
Semithin sections of dorsal and ventral roots of plt mice. (thickness = 1 mM) were examined under the 63X objective. We imaged the entire field of transverse sections of each lumbar root for analysis. Images were imported into morphometric software (ImagePro Plus). Areas of each field were counted to obtain nerve fibre density, myelin thickness, g-ratio and histograms.
Teased nerve fibre immunohistochemistry (IHC)
Nerves were fixed in 4% paraformaldehyde for 30 min after dissection from perfused mice. Sciatic nerves were teased into individual fibres on glass slides. The slides were dried overnight, reacted with primary antibodies, and stored at 4 C overnight, then incubated for 2 h with secondary antibodies. The stained slides were examined under a Leica fluorescent microscope.
Patients
We evaluated two siblings, a male of current age 44 years (patient 1) and his sister of 46 years (patient 2). These patients, designated BAB1372 and BAB1373 in reference Chow et al., are compound heterozygotes for mutations of FIG4, R183X in exon 6 and I41T in exon 2. Detailed medical histories were obtained and serial neurological examinations were performed, followed by electrophysiological studies below.
Electromyogram/nerve conduction studies
Nerve conduction studies (NCS) of median, ulnar, peroneal, tibial and sural nerves were performed using conventional methods. The distal stimulation distances for motor conduction studies were 7 cm in the arms and 9 cm in the legs. A concentric electromyogram (EMG) needle was used and recordings were made at standard settings (Li et al., 2002) .
Skin biopsy and human fibroblast culture
Punch skin biopsies were obtained from patients, rinsed with PBS, minced into coarse slurry using an iris scissor and transferred into a 15 ml plastic tube containing 4 mg/ml collagenase II in basal medium eagle with 20% foetal bovine serum and 100 IU/ml penicillin-streptomycin. The tube was placed in incubator at 37 C for 24 h and centrifuged at 1000 rpm for 5 min next day. Supernatants were removed using a pipette. Pellets were washed twice with PBS, suspended in 1 ml basal medium eagle medium and transferred into a flask to be distributed over the bottom surface. The flask was placed in a humidified 5% CO 2 incubator at 37 C. Cells were passaged by removing the media, washing with calcium-and magnesium-free PBS and incubated with 0.25% trypsin-EDTA in PBS for 3-5 min. The action of trypsin was terminated by adding medium containing 20% foetal bovine serum. After centrifugation, pelleted cells were washed with PBS and resuspended. The suspension was split into thirds for seeding. Cultures were passaged approximately every other week. Cultures were examined under light microscopy. All experiments were conducted between passages 3 and 8. Control and mutant cells were compared at the same passage.
IHC, TUNEL staining and proliferation assay IHC
Mice were transcardially perfused with 4% paraformaldhyde. Dissected nerves were fixed overnight at 4 C in fresh 4% paraformaldehyde and cryoprotected in PBS containing 20% sucrose. Tissues were embedded in OCT, sectioned into 10 mm thickness slices in a cryostat, and thaw-mounted onto Superfrost Plus slides (Fisher Scientific, PA). After drying, sections were washed in PBS, permeabilized with cold acetone in À20 C, blocked for 1 h in blocking solution (0.5% Triton-X-100 fish gelatin solution in PBS) and incubated overnight at 4 C with primary antibodies (Table 1) ; followed by secondary antibody for 2 h at room temperature. After washing with PBS, sections were dried and coversliped. For teased nerve fibre IHC, dissected nerves were post-fixed in 4% paraformaldehyde for 30 min and teased into individual fibres on slides. Teased fibres were dried overnight and immunostained as described Li et al., 2006) . The stained slides were examined using a fluorescent microscope (Leica Microsystems, Germany).
TUNEL staining and proliferation assay
Apoptosis was evaluated by TUNEL using a ApopTag Õ Plus Fluorescein In-Situ Apoptosis Detection Kit (Chemicon, Illinois, USA) according to the manufacturer's protocol. Briefly, cryostat sections, 10 mM thickness, were washed in PBS for 5 min and postfix in pre-cooled ethanol: acetic acid 2 : 1 for 5 min at À20 C. Slides were first incubated with equilibration buffer, and then replaced with Working Strength TdT enzyme for 1 h at 37 C in a humidified chamber. The reaction was terminated by adding working strength stop/wash buffer. For the negative control, the TdT enzyme was replaced by equilibration buffer. Tissues were further incubated with warmed (RT) working strength antidigoxigenin conjugates for 0.5 h at RT. The nucleuses were counterstained by DAPI. For the proliferation assessment, antibody against Ki67 was used for IHC as described above. Neurons in the DRG, spinal cord anterior horn and Schwann cells in sciatic nerve were identified by antibodies against neurofilament (NF), ChAT and S-100, respectively. Numbers of TUNEL-positive and total cells (neurons or Schwann cells) were counted under 40Â lens in each section for apoptotic cells. Apoptotic index was expressed as the number of TUNEL-positive cells in total cell of 1000 for each mouse. The nucleus localization of TUNEL-positive signal was verified with double-stained of DAPI (Thompson et al., 2000) .
Time-lapse imaging
Time-lapse recording was made under a phase contrast optic using a computer-assisted invert microscope (Olympus IX70). Temperature in the culture chamber was maintained at 37 C with a thermostat controller (MATS-U55R30, Tokai Hit Co., Japan). Images under a 40Â or 60Â lens were captured every 5 s through a CCD camera over 30À60 min. To stabilize CO 2 concentration during recording, culture medium was replaced with Leibovitz's L-15 medium containing 20% foetal bovine serum 2 h prior to imaging (Yan et al., 2007) .
Results
Rapidly progressive and asymmetric paralysis in two patients with FIG4 mutations
To characterize the natural history of patients with FIG4 mutations, we followed two siblings with adult onset CMT4J for 9 years. Both patients are compound heterozygotes carrying the FIG4 protein truncation mutation R183X and the missense mutation I41T. Two patients with early-onset of CMT4J were not seen by us and were not included (Chow et al., 2007) .
Patient 1
When first seen in 1998, the proband was a 37-year-old woman who had developed progressive right arm weakness over the course of 1 year following a fall from a desk in 1993. She was the product of a normal pregnancy and delivery, and walked at 9 months of age. She was a dancer as a child until the age of 13 when she was no longer able to dance on her toes. During several clinical visits, no obvious cognitive dysfunction was observed. She was a high school teacher until the severe paralysis developed. 
Patient 2
The proband's brother (a computer programmer) was healthy until 1995 when his left leg gave way and he fell down the stairs. He walked by 1 year of age and participated in sports, at a varsity level, in high school. We evaluated him in 1998 at age 35 and then again in 2002 (Supplementary Video 3). In 2002, he had 53/5 strength in iliopsoas and quadriceps muscles bilaterally, but was able et al. (2003) to walk with assistance. Anterior tibialis strength was 1/5 bilaterally. Gastrocnemius strength was nearly normal (4+/5) of the right but only 1/5 on the left. Upper extremity strength was entirely normal. By 2007, he was confined to a wheel chair with no voluntary movement of any muscle in either leg (Supplementary Video 4). Strength was now reduced (4/5) in his left deltoid although distal muscles of this arm and all muscles of the right arm were still 5/5. On sensory examination, he had a mild decrease to vibration in the toes of both feet. Proprioception and pin prick sensation were normal in all limbs. He was diffusely areflexic. Like the proband, we found no obvious cognitive dysfunction. Neither patient had abnormalities of skin or hair colour. NCS in both patients demonstrated that compound motor and sensory responses were asymmetric, severely reduced and progressed in severity between 1998 and 2007 (Table 2 ). There were prolonged distal latencies, significantly slowed conduction velocities and prolonged F-wave latencies in both patients. The NCS features suggest a demyelinating polyneuropathy in addition to severe axonal loss. Needle EMG showed abundant abnormal spontaneous activities (fibrillations and positive waves) in all limbs. Motor unit action potentials were of long duration and polyphasic with large amplitudes. The recruitment of these Motor unit action potentials was severely reduced. Taken together, the abnormalities suggested severe and widespread denervation, similar to that observed in patients with MND (Eisen, 2001) . The denervation was severe in the proximal muscles, and, like the weakness, was asymmetric, suggestive of a neuronopathy but not length dependent axonal polyneuropathy.
A sural nerve biopsy was obtained from patient 2. Semithin sections and EM revealed severely reduced numbers of myelinated nerve fibres with a large amount of collagen in the extracellular matrix (Fig. 1) . Onion bulbs and thinly myelinated nerve fibres were observed. Osmicated teased nerve fibres showed evidence of de-and re-myelination in 60% of the myelinated nerve fibres.
Taken together, the patients' clinical presentation demonstrates a novel CMT phenotype with two unusual features: (i) aggressive widespread denervation accompanied by concomitant demyelination; and (ii) rapidly progressive and asymmetric weakness without sensory complaints. The clinical presentation and needle EMG imitated MND, although NCS and sural nerve biopsy suggest a demyelinating sensorimotor neuropathy. Needle EMG: abnormal spontaneous activities and reduced recruitment in all limbs. CMAP = compound muscle action potential (mV); SNAP = sensory nerve action potential (mV); DL = distal latency (ms); M/S = motor nerve distal latency (ms)/sensory nerve distal latency (ms); CV = conduction velocity (m/s); nr = non-responsive; Per EDB = motor peroneal nerve recorded at the extensor digitorium brevis muscle; Per AT = motor peroneal nerve recorded at the anterior tibialis muscle. Fig. 1 Loss of myelinated nerve fibres in sural biopsy of a patient with CMT4J. A semithin section with toluidine blue staining was performed on the sural nerve biopsy of the patient 2. The number of myelinated nerve fibres is severely reduced, and there is a large amount of collagen in the extracellular matrix. Arrowhead: onion bulbs and thinly myelinated nerve fibres.
Neuronopathy 1990^2001 Vacuoles interfere with intracellular organelle trafficking in human fibroblasts with FIG4 deficiency
To determine whether FIG4 deficiency is accompanied by vacuolization in patient fibroblasts, as observed in plt mice (Chow et al., 2007) , we cultured skin fibroblasts from the two CMT4J-patients and an age-matched control. Although control fibroblasts rarely contained vacuoles, many fibroblasts with multiple vacuoles were present in cultures from both patients ( Fig. 2A and B) . We manually assessed the vacuolization of 529 cells from patient 1 and 201 cells from patient 2, as well as 270 cells from the control culture. The percentage of cells with vacuoles was significantly higher in FIG4-deficient cultures (Fig. 2C) .
To investigate the nature and contents of the vacuoles, we labelled cells with antibodies against the late-endosomelysosome membrane marker LAMP-2 and the early endosome marker EEA1. LAMP-2 was visible on the vacuolar membrane, but EEA1 did not label the vacuoles (Fig. 3C  and D) . These findings agree with our observations on plt mice (Chow et al., 2007) , and indicate that the vacuoles are derived from dysfunctioned late-endosomes or lysosomes.
Ubiquitinated inclusions containing excessive phosphorylated neurofilaments (NFp) are a common feature in many neurodegenerative disease (Ballatore et al., 2007) . Immunoreactivity against ubiquitin was widespread and evenly distributed in the cytoplasm of motor and sensory neurons in spinal cord and DRG from plt mice (Fig. 4A-D ). There were no ubiquitinated inclusions within the vacuoles (Fig. 4D, inset) . Antibodies against NFp strongly labelled axons but not neuronal cytoplasm or vacuoles (Fig. 4B,  inset 4D ) There was profound loss of large motor neurons in anterior horns of plt mice (4D), consistent with the loss of large diameter motor axons shown in Fig. 5 below.
Mutations of VCP (valosin-containing protein), a regulator of ER protein degradation, result in neuronal vacuolation and degeneration (Ballar et al., 2006) . No VCP immunoreactivity was detected in vacuoles in DRG or motor neurons for plt mice (arrows in Supplementary Fig. S1 ).
Vacuoles in plt mice were not stained by Filipin (Ko et al., 2001) or Nile red (Schrader, 2001) , which detect cholesterol and other lipids ( Supplementary Fig. S2) . The failure to demonstrate accumulation of lipid or protein within the vacuoles suggests that although these vacuoles originate from late endosomes-lysosomes, they fail to incorporate materials for processing within these organelles.
The abundance of vacuoles in the cell bodies of FIG4-deficient cells suggested that they might physically disrupt trafficking of other intracellular organelles. We performed (Chow et al., 2007) and suggests that the vacuoles are derived from dysfunctional late-endosomes or lysosomes, and not from early endosomes. Neuronopathy due to FIG4 mutation Brain (2008), 131, 1990^2001 1995 time-lapse imaging on cultured fibroblasts isolated from patient skin biopsies over 30 min and quantified movement during a 5 min period of observation (Schrader, 2001) . In control fibroblasts vacuoles were rarely visible. Many organelles exhibited fast movement in long trajectories towards or away from the nucleus. In contrast, FIG4-deficient fibroblasts contain many stationary vacuoles, often clustered in the perinuclear region of the cell. Organelle movement was normal in regions of mutant cells lacking vacuoles, but was severely limited around and between vacuoles (Supplementary Video 5).
To quantify the organelle motility defect, we randomly placed three 4 Â 4 mM 'interest boxes' in each fibroblast captured by time-lapse imaging. Intracellular organelles were manually counted and categorized by their motility features as has been previously described (Ko et al., 2001) . Stationary organelles lacked any movements over a 5 min period; vectorial organelles were observed to move in long paths either toward or away from nucleus; Brownian organelles, displayed short, continuous back-and-forth movements (Ko et al., 2001) . Stationary organelles accounted for $20% of the total organelles in control cells and in the non-vacuolated regions of mutant cells. In the areas that were heavily vacuolated, 60-80% of organelles were stationary (Supplementary Table S1 ). There was a decrease in organelles exhibiting vectorial movement from $30% in control cells to 5% in vacuolated regions of mutant cells (Fig. 2D) . In the non-vacuolated areas, there was no difference in the percentages of any movements between FIG4-deficient fibroblasts and control fibroblasts (Supplementary Table S1 ). These findings suggest that the trafficking of intracellular organelles is blocked or prevented by the clustered vacuoles in FIG4-deficient cells (a regional impairment) since there were no trafficking abnormalities in non-vacuolated areas. Since there is extensive vacuolation in plt neurons as well (Chow et al., 2007) , obstruction of intracellular organelle trafficking may contribute to neuronal degeneration in mice and CMT4J patients. Axonal degeneration in plt mice. Morphometric analysis was performed on the semithin sections of dorsal and ventral roots of 6 -week-old plt (n = 4) and wild-type (n = 4) mice (total number of counted myelinated nerve fibres = 3679 for dorsal roots and 2480 for ventral roots in 4 plt mice and 4300 for dorsal roots and 2611 for ventral roots in wild-type mice). Sensory nerve fibre loss in the dorsal roots involved both small and large diameter myelinated fibres (A). In contrast, axonal loss in the ventral roots mainly affected the large diameter fibres. Small diameter myelinated nerve fibre numbers were increased (B). We have also examined femoral, saphenous, tibial and sural nerves under light microscopy (semithin sections) and EM. Active axonal degeneration was conspicuous. Examples are shown in Figs C and D. In (C), a degenerated nerve fibre is in the centre of the picture. Myelin debris is localized in the Schwann cell cytoplasm (arrows). An axon-like residue is visible (arrowhead), presumably from a degenerated axon. A similar nerve fibre is shown in (D). Again, myelin debris is prominent (arrows in D). The axon is still preserved, but appears irregular with condensed cytoskeletons and intra-axonal organelles (arrowhead).
Neuronal degeneration in plt mice plt mice exhibit severe neuronal degeneration and neuronal vacuolization in brain, spinal cord and sensory ganglia (Chow et al., 2007) . The disease is progressive over a 6-week period resulting in juvenile death. To better characterize the degeneration in the PNS we performed morphometric analysis of dorsal and ventral roots. At 6 weeks of age, sensory nerve fibre loss in the dorsal roots affected both small and large diameter myelinated fibres (Fig. 5A) . Axonal loss in the ventral roots mainly affected the large diameter fibres (Fig. 5B) . The number of small diameter nerve fibres (44 mm) was increased by 25% in the ventral roots, possibly due to collateral branch regeneration. At 3 weeks of age, degenerating axons were visible in femoral (primarily motor), saphenous (primarily sensory) and tibial (mixed) nerves (Fig. 5C and D) . The data demonstrate degeneration of both motor and sensory axons in plt mice.
Evaluation of apoptosis and cell proliferation in plt mice
To determine whether apoptosis contributes to neuronal loss in FIG4 deficiency, we performed TUNEL staining on sections from DRG, spinal cord, sciatic nerve and dorsal root of 6-week-old plt mice. TUNEL staining was readily detected in control tumour cells, but there was no or negligible staining in mutant tissues and no significant difference from wild-type mice (Supplementary Fig. S3 ). There thus was no increase in apoptosis of neurons and Schwann cells of plt mice at this age.
The same tissues were stained with antibodies to Ki67 to assess cell proliferation (Muskhelishvili et al., 2003) . No significant difference was observed between wild-type and plt tissues (Supplementary Fig. S4 ). As a positive control, strong Ki67 immunoreactivity was detected in hair follicles of the skin biopsies, an anatomical region with abundant proliferating cells (Morris et al., 2004) .
Segmental demyelination in plt mice
The reduced conduction velocity in nerves of patients ( Table 2 ) and plt mice (Chow et al., 2007) was suggestive of segmental demyelination. Therefore, we examined teased nerve fibres from sciatic nerves of plt mice. Schwann cellspecific MAG (myelin-associated glycoprotein) was present in myelenated neurons and was strongly expressed in Schmidt-Lantermann incisures (Fig. 6A) . In some segments of myelinated nerve fibres there was an absence of MAG staining, demonstrating segmental demyelination (Fig. 6B) . Segmental demyelination was observed in 11% of a random selection of 100 myelinated nerve fibres from plt mice, but was not detected in wild-type fibres.
Macrophages containing debris, presumably from engulfed myelin, were visible in dorsal roots of mutant mice (arrowheads in Fig. 7B ). The identity of macrophages was confirmed using CD68 antibodies ( Supplementary  Fig. S5 ). Myelinated nerve fibres from the mutant mice exhibited thin myelin, absence of myelin or basal lamina redundancy ( Fig. 7C and D) . Myelin debris was occasionally seen in Schwann cells (7E). Vacuoles were abundant in the perinuclear region of neuronal bodies, but were rarely observed in Schwann cells and never in axons. Excessive myelin out-folding was not observed in plt mice, in contrast to MTMR2/13 deficient patients and mice (Bolino et al., 2004; Robinson et al., 2005; Tersar et al., 2007) . Taken together, the ultrastructural changes and the IHC findings in Fig. 6 demonstrate segmental demyelination in peripheral nerves. Consistent with this result, morphometric analysis of the dorsal and ventral roots revealed an increased g-ratio and decreased myelin thickness in the large diameter (54 mM) myelinated nerve fibres (Table 3) .
Discussion
We describe a novel phenotype of rapidly progressive and asymmetric paralysis in two patients with mutations in FIG4. The pattern of regional progression is distinct from g, P-value for g-ratio comparison between wt and plt mice. G-ratio = the numerical ratio between the diameter of the axon proper and the outer diameter of the myelinated fibre; m, P-value for myelin thickness comparison between wt and plt mice.
typical CMT, which exhibits slowly progressive, symmetric, length-dependent polyneuropathy. CMT4J more closely resembles MND, a disorder also characterized by rapidly progressive asymmetric weakness in which symptoms move from one limb to the contralateral limb before progressing to the other extremities (Caroscio et al., 1987; Brooks et al., 1995) . CMT4J patients exhibit no sensory symptoms and minimal signs of sensory loss on neurological examination. The reasons for this are unclear since there is evidence of physiological and morphological sensory nerve involvement in both patients and mice. Taken together, the clinical progression and electrophysiological finding of active denervation with massive fibrillations and positive waves are consistent with an aggressive neuronopathy, as distinguished from polyneuropathy characterized by chronic, symmetric, length-dependent denervation. The mechanism of rapid and asymmetric progression in CMT4J is not understood. In both CMT4J patients, the initially affected limb experienced minor trauma that preceded the development of marked weakness. Over several years the weakness rapidly progressed to the other limbs. Although the trauma could be coincidental in the two patients, trauma has been hypothesized to influence neurodegeneration in a number of disorders (Chio et al., 2005; Hachiya et al., 2007) . Alternatively, the falls taken by both patients near the onset of progression may have resulted from the prior development of subclinical weakness. Uneven distribution of vacuolated motor neurons in the spinal cord could contribute to the asymmetric progression in our patients. Whatever the explanation, FIG4 deficiency may provide a unique opportunity to investigate the molecular mechanisms underlying asymmetric progression in MND.
Time-lapse imaging of cultured CMT4J fibroblasts suggested a potential cellular mechanism for the clinical disorder: defective trafficking of intracellular organelles due to obstruction by vacuoles. Trafficking of intracellular organelles is essential for cell survival. Maintenance of an energy supply, for example, requires mitochondrial transport within cells. Impaired trafficking could affect survival, particularly for polarized neurons with long axons (Baloh et al., 2007) . Vacuoles were observed only in the neuronal cell body, and not in the axons, indicating that there is impaired organelle trafficking in the cell body. This is consistent with the fact that weakness was not length dependent in our patients. The possibility of a direct or secondary effect on axonal transport has not been investigated. Impaired organelle trafficking has been implicated in the pathogenesis of other MNDs. For example, mutations of the vesicle-associated membrane protein-associated protein-B (VAPB) gene are responsible for an inherited form of amyotrophic lateral sclerosis and spinal muscular atrophy [Nishimura et al., 2004; Marques et al., 2006] . VAPB is localized on endoplasmic reticulum and Golgi apparatus, where it regulates organelle transport and interacts with lipid-binding proteins. VAPB levels are also reduced in patients with sporadic amyotrophic lateral sclerosis (Nishimura et al., 2004; Marques et al., 2006) .
Vacuole formation in FIG4 deficient cells appears to involve the endocytic pathway. Endocytic trafficking requires coordinated signalling by PI3P, which plays a crucial role in the formation of early endosomes (VolpicelliDaley et al., 2007) , and PI(3,5)P 2 , which may trigger budding of vesicles from late endosomes (Efe et al., 2005; Di Paolo et al., 2006; Rutherford et al., 2006) . Reduced PI(3,5)P 2 due to loss of function of FIG4 could inhibit budding, leading to the accumulation of large vesicles in the endocytic compartment (Marks, 2008) . This model is supported by the presence of LAMP2, a marker of late endosomes and early lysosomes, on the enlarged vacuoles in cultured fibroblasts from human patients (this article) and the plt mouse (Chow et al., 2007) .
It is intriguing that vacuoles are rarely observed in Schwann cells although they are abundant in neurons. Differential effects on neurons and Schwann cells have been observed for mutations of other genes in the phosphoinositide pathway. Mtmr2 encodes a phosphatase that dephosphorylates the 3-position of PI(3,5)P 2 . Mutations of human MTMR2 result in CMT4B1 (Bolino et al., 2000; Suter 2007) . Conditional inactivation of Mtmr2 in Schwann cells in the mouse recapitulates the pathology of CMT4B1, while inactivation in motor neurons had no effect (Bolis et al., 2005) . There thus appear to be differences in phosphoinositide signalling in the two cell types.
Despite their low level of vacuolization, Schwann cells are likely to be responsible for the observed segmental demyelination. However, this mild demyelination is unlikely to be a major cause of disability, since the pattern of rapid asymmetric progress is characteristic of neuronopathy. Abnormal Schwann cell-axonal interactions may also contribute to the axonal loss. Altered interactions between Schwann cells and axons occur in many demyelinating neuropathies. For instance, trembler mice with a Pmp22 missense mutation (Suter et al., 1992) have decreased NF-phosphorylation and axonal transport in addition to demyelination (de Waegh et al., 1990; de Waegh et al., 1992; Watson et al., 1994) . Similarly, the myelin protein zero mutations T95M and H10P produced axonal neuropathy with minimal demyelination (De Jonghe et al., 1999; Bai et al., 2006; Li et al., 2006) . Axonal degeneration in all of these models is chronic, symmetric and length dependent. None of these features are characteristic of mice or patients with FIG4 deficiency.
The pathological evidence of segmental demyelination in the two patients and in plt mice is consistent with the reduced nerve conduction velocities. The striking difference in conduction velocity between the two patients may reflect a different extent of segmental demyelination, which could result from genetic differences in modifying genes. In spite of the difference in conduction velocity, the clinical deficits in the two patients are very similar.
In contrast to the severe neuronal degeneration in the CNS of plt mice (Chow et al., 2007) , we found no upper motor neuron signs in the patients with CMT4J. One patient had an unremarkable brain MRI. Detailed psychometric tests were not performed but, there was no obvious cognitive dysfunction in either patient, both of whom had successful professional careers. Thus, any CNS abnormalities were subtle. The partial function of the I41T variant of FIG4 may protect the CNS of patients from the degeneration seen in the null plt mice, and may also explain the normal pigmentation in patients with CMT4J. It is possible that differences in PI(3,5)P 2 signalling between human and mouse also contribute to the phenotypic differences.
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